neurons are located periventricularly or inside the brain ventricles; they contact the CSF via their dendrites, perikarya or axons. Most of these neurons form ciliated dendrite terminals in the internal CSF as do retinal and pineal photoreceptors in the optic ventricle and pineal recess. The peculiar localization, polarization and synaptic connections of the CSF-contacting neuronal elements suggest receptor and integrative functions.
Summary. Cerebrospinal fluid (CSF)-contacting
neurons are located periventricularly or inside the brain ventricles; they contact the CSF via their dendrites, perikarya or axons. Most of these neurons form ciliated dendrite terminals in the internal CSF as do retinal and pineal photoreceptors in the optic ventricle and pineal recess. The peculiar localization, polarization and synaptic connections of the CSF-contacting neuronal elements suggest receptor and integrative functions.
The present review pays special attention to vitamin A (retinoids) immunoreactivity in CSF-contacting neurons as compared with that present in retinal and pineal photoreceptor cells, common neurons, glial and adenohypophysial cells. The immunoreactivity of the darkadapted photoreceptor outer segments was strong, but decreased after illumination, suggesting the functioning of vitamin A as the chromophore of the retinal and pineal photopigments. Retinoid immunoreaction was also found in the endoplasmic reticulum, nuclei, nucleoli and mitochondria of the cell types studied. This cytological localization suggests that vitamin A compounds may be involved in the function of these organelles.
The CSF-contacting neurons contain varying amounts of bioactive materials. The intracellular distribution of immunoreactive serotonin (5-HT), substance P (SP) and gamma-aminobutyric acid (GABA) is compared with that of immunoreactive vitamin A. Immunogold labeling for SP was demonstrated in dense-core vesicles of preoptic neurons; 5-HT marking was found on the dense-core vesicles of subependymal CSF-contacting neurons of the paraventricular organ, while GABA immunoreaction was localized in the cytoplasm of distal infundibular CSF-contacting neurons.
The CSF-contacting neurons are considered to synthesize and release their bioactive substances at transmitter synapses, and/or at neurohormonal terminals into the external CSF in accord with information received by their dendrites from the internal CSF and by afferent fiber connections from various brain areas.
The expression "CSF-contacting neuron" (VIGH et al., 1969) was introduced for designating nerve cells that penetrate the CSF-brain barrier by their dendrites, perikarya or axons (Figs. 1, 16) . All CSF-contacting neuronal structures are considered to comprise the CSF-contacting neuronal system (VIGH et al., 1969; VIGH-TEICHMANN and VIGH, 1983) believed to have enteroceptor functions (VIGH and VIGH-TEICHMANN, 1987) . CSF-contacting neurons are located in the penventricular grey and/or inside the CSF cavities ( Fig.  1 ) of all vertebrate classes (for review, see VIGH and VIGH-TEICHMANN 1971 , 1973 , 1988a VIGH-TEICH-MANN and VIGH, 1974 , 1979 , 1983 , 1985 . Such neurons occur first of all in the diencephalon and medullospinal area. In addition, the photoreceptor cells of the retina and the pinealocytes are considered CSF-contacting neuronal elements because of their localization around the optic ventricle (the photoreceptor space) and pineal recess, respectively, their development from the diencephalic primordium and their cytological polarization into a CSF-contacting dendritec and an axonic pole. Moreover, the retina and pineal organ contain a varying number of "true" CSF-contacting neurons such as those retinal bipolars forming Landolt's clubs (VIGH et al., 1983b) and like some of the intrinsic pineal neurons (Figs. 2-4) . The latter were first demonstrated in Chimaera monstrosa by electron *This investigation was supported by the Hungarian OTKA grant Nr. 1619. 195 microscopy (VIGH-TEICHMANN and VIGH, 1987; VIGH and VIGH-TEICHMANN, 1988a, b) . These retinal and pineal CSF-contacting nerve cells receive ribboncontaining axon terminals from the photoreceptor cells and serve as secondary neurons in the light perceiving pathway. Their function probably depend on the information received by their 9x2+0 cilia from the CSF in the photoreceptor space and pineal lumen.
The periventricular CSF-contacting neuronsnumerous in submammalian species-are characterized by their dendrites extending into the ventricular cavity and central canal ( Fig. 1) and by their basic process giving rise to the axon passing into the neuropil and/or terminating in neurohemal areas. In the CSF, the dendrites of the epi-and hypothalamic CSF-contacting neurons form bulb-like terminals bearing a sensory 9x2+0 cilium ( Fig. 1) The cytological appearance of the dendrite terminals refutes the earlier concept (lit. see LEONHARDT, 1980 ) that they may be detached by macroapocrine secretion into the CSF. Although cytological evidence is lacking, the exocytotic secretion of bioactive materials contained in the dense-core vesicles of the dendrites cannot be excluded in view of recent data on a release of neurotransmitters from dendrites (GEFFEN et al., 1976) . Here, we would like to emphasize that the 9x2+0 cilia of the diencephalic CSFcontacting dendrite terminals resemble those of developing photoreceptors and simple chemoreceptors.
In contrast, most of the medullo-spinal CSFcontacting neurons display numerous stereocilia together with a 9x2+2 kinocilium, a pattern usually found in mechanoreceptors and some chemoreceptors. The axons of the spinal CSF-contacting neurons form neurohormonal terminals on the basal lamina of the spinal cord (VIGH et al., 1974 (VIGH et al., , 1977 (VIGH et al., , 1979 . Their bioactive materials thus released may act directly on the subarachnoid vessels and/or act indirectly on target organs via the external CSF and blood. The regulation of the vessels is supposed to influence the homeostasis of the nervous tissue and CSF.
The perikarya of intraventricular neurons which are supported by glial cells (VIGH-TEICHMANN and VIGH, 1974, 1983; VIGH-TEICHMANN et al., 1980a , 1981 , lie in the ventricular cavity, exhibit a sensory 9x2+0 cilium and a bipolar, pseudounipolar or multipolar (isodendritic or pyramidal) shape. Therefore, by their cytology and polarization, the penventricular and intraventricular CSF-contacting neurons are supposed to function as sensors of certain parameters of the CSF (hormonereceptors, chemoreceptors, light receptors, thermoreceptors, mechanoreceptors).
As we have already suggested (VIGH-TEICHMANN and VIGH, 1983, 1985; VIGH and VIGH-TEICHMANN, 1988a ) some of the CSF-contacting neurons also serve integrative functions.
Thus, the CSF-contacting neurons could represent the morphological basis for some of the mechano-, thermo-, chemo-and so-called "deep encephalic" photoreceptors believed to occur in the walls of the brain ventricles and central canal by experimental studies (voN FRISCH, 1911; SCHARRER, 1928; VERNEY, 1947; JEWELL and VERNEY, 1957; ANDERSSON, 1972; HELLON, 1972; RODRIGUEZ et al., 1974; KORF et al., 1982; GRILLNER et al., 1982; INENAGA et al., 1987) . Electrophysiological results obtained from the frog paraventricular organ contradict an extraretinal photoreceptive function of the organ (GEORGE and MEISSL, 1987) . In the spinal cord, a mechanoreceptor was supposed to be present in the marginal nucleus whose neurons project villus-like processes into the intercellular space (GRILLNER et al., 1982 (GRILLNER et al., , 1984 SCHROEDER, 1986) that are similar to those of mechanoreceptors and spinal CSF-contacting neurons. All these morphological and experimental data point to the presence of a system of enteroceptors inside the central nervous system (VIGH and VIGH-TEICHMANN, 1987) .
Several kinds of CSF-contacting axons running on the apical surface of the ependyma of the brain ventricles and central canal (lit. see LEONHARDT, 1980; VIGH-TEICHMANN and VIGH, 1983; VIGH et al., 1979 VIGH et al., , 1983a have been described as to the content and size of their synaptic and/or dense-core vesicles. One type of nerve fiber was found to contain serotonin by autoradiography, cytochemistry and immunoreaction (RICHARDS and TRANZER, 1974; TRAMU et al., 1983; MATSUURA et al., 1985) and to originate from the raphe nuclei (AGHAJANIAN and GALLAGER, 1975) . Thus, some of the raphe neurons are obviously CSFcontacting neurons through their axons running intraventricularly (Fig. 16 ). The CSF-contacting axons synapse with the apical surface of the ependyma, with the ciliated dendrites of periventricular CSF-contacting neurons as well as with the perikarya and dendrites of intraventricular nerve cells (Figs. 1, 16) (lit. see VIGH-TEICHMANN et al., 1980a , 1981 . They also terminate on myeloid bodiescontaining pineal ependyma! cells (VIGH-TEICHMANN et al., 1973) . Thus, the axons contribute to the formation of a supraependymal neuropil that probably ensures the appropriate coordination of the innervated structures. With regard to bioactive substances-peptides, amino acids and monoamines-in CSF-contacting neurons and their processes, numerous data have been published (for earlier data, see VIGH-TEICH- MANN and VIGH, 1983, 1985) , especially with regard to the distribution of peptides in periventricular CSFcontacting neurons. In such cells of the spinal cord, enkephalin, urotensin II, somatostatin, vasoactive intestinal polypeptide (VIP) as well as serotonin and GABA were found. In the hypothalamus, immunoreactivity for more than twenty bioactive materials was reported, including neurohypophysial hormones, hypophyseotrop releasing factors, further gut peptides, substance P (YUI, 1983) and monoamines. The alloted space for our review does not allow the citing of all data, for which we here restrict ourselves to those of the paraventricular organ and selected substances. In the submammalian paraventricular organ (PVO) in which the CSF-contacting neurons were first described by acetylcholinesterase reaction, induced monoamine fluorescence and electron microscopy (earlier lit., see VIGH-TEICHMANN and VIGH, 1974, 1983) , immunocytochemical studies demonstrated enkephalin (DoERR-SCHOTT et al., 1981; NAIK et al., 1981) and choline acetyltransferase (EKSTROM, 1987) , an enzyme catalyzing the last step in acetylcholine synthesis. Further, the presence of serotonin (Yo-SHIDA et al., 1982; SANG et al., 1983; EKSTROM et al., 1985; FASOLO et al., 1986; a. o.) and dopamine (GEF-FARD et al., 1982) was confirmed. Dopamine was also indirectly detected by tyrosine hydroxylase immunoreaction (NAGATSU et al., 1984; FRANZONI et al., 1987) .
All these immunohytochemical data show thatby their bioactive materials-the CSF-contacting neuronal system is composed of different populations of neurons. As to which of the numerous substances occur in separate cells or concomittantly is a problem for future studies. Research performed to localize, e. g., tyrosin hydroxylase, serotonin and GABA by immunoelectron microscopy, has used the preembedding peroxidase antiperoxidase method (NAGATSU et al., 1984; FRANZONI et al., 1987; DALE et al., 1987; KADURI et al., 1987; MAGOUL et al., 1987) . Data on postembedding immunoelectron microscopy employing the immunogold technique -affording more precise IgG-gold marking of antigenic sites-are so far lacking in regard to CSF-contacting neurons.
Earlier, we demonstrated the receptor protein opsin of photopigments in the pineal organ by light and electron microscopic immunocytochemistry (VIGH-TEICHMANN et al., 1980b , 1986 VIGH-TEICH-MANN and VIGH, 1986; VIGH and VIGH-TEICHMANN, 1981, 1986 ), a discovery strengthening the view of its light percepting capacity. Searching for "deep encephalic photoreceptors"
we found no (rhod) opsin immunoreaction in the hypothalamic and spinal CSFcontacting neurons studied (VIGH-TEICHMANN et al., 1980b; VIGH et al., 1983b) . Similar results were obtained by FOSTER et al. (1987) . Since cone photoreceptors are likewise opsin-negative, this result does not exclude the possibility that some CSF-contacting neurons resemble cones. SILVER et al. (1988) found opsin immunoreactivity in VIP-positive CSFcontacting neurons of the septum and infundibulum of birds, but the crossreacting compound did not correspond to opsin according to the saturation and immunoblot studies (SILVER et al., 1988) .
In connection with our opsin studies, we have recently looked for vitamin A, the chromophore component of photopigments in retina and pineal organ of various vertebrates (VIGH et al., 1987; VIGH-TEICHMANN et al., 1987 , 1988 , 1989 . Here, we summarize our results on the distribution of immunoreactive vitamin A in CSF-contacting elements in comparison with pineal and retinal photoreceptors as well as glial and adenohypophysial cells. Finally, we would like to report our first data on the finestructural localization of SP, 5-HT and GABA-candidates for transmitters and/or hormones-in CSF-contacting neurons of the preoptic area, paraventricular organ, infundibular lobe, retina and pineal organ, respectively, by the electron microscopic immunogold technique.
MATERIALS AND METHODS
The following species were used: Myxine glutinosa, larval and adult Lampetra planeri Bloch, Triturus vulgaris, Bombina variegate, Pelobates fuscus, Rana esculenta, R. catesbeiana, Emys orbicularis, Peudemys scripta elegans, Columba livia and cock, further Erinaceus roumanicus, Myotis blythi oxygnathus, rabbit and laboratory rat. The animals were fixed by immersion in 4% paraformaldehyde (PF), 4% PF-0.2 to 2% glutaraldehyde or 3% to 5% glutaraldehyde solved in phosphate buffer, at pH 6.5 to 7.4. For vitamin A immunoreaction, the material was usually dark-adapted prior to fixation under dim red or yellow light. After washing in buffer overnight, the diencephalon including the eyes, pineal complex, hypophysis and pieces of spinal cord were cut frozen or dehydrated in 50% and 70% ethanol and embedded in LR White (Polysciences, St. Goar, FRG). In addition, pieces of tissues were postfixed in osmic acid and embedded in LR White or Araldite (Fluka,
Figs. 2-4. Details of CSF-contacting neurons in the pineal organ of Chimaera monstrosa. Fig.  2 . The pineal secondary neuron (S) contacts the pineal lumen by a dendrite (arrow). E ependyma.
x15,000. Fig. 3 . The CSF-contacting dendrite terminal of the secondary neuron contains numerous mitochondria (M). E ependyma, L pineal lumen. X31,000. Buchs, Switzerland (Figs. 11, 12 ) and immunoreactive serotonin in the paraventricular organ of the newt (Fig. 13) and pigeon (Fig. 14) . Fig. 11 . Immunoreactive CSF-contacting dendrites (asterisks) of distal CSF-contacting neurons. E unlabeled ependyma. X24,000. globulin-gold (IgG-gold) method for electron microscopy (for details, see VIGH-TEICHMANN et al., 1988 , 1989 . The vitamin A antiserum crossreacts with retinol and retinal (WIRTZ and WESTFALL, 1981) . The primary antisera could be saturated with an appropriate amount of antigen. Control sections incubated with IgG-gold (Janssen Pharmaceuticals, Beerse, Belgium) alone were immunonegative. In designating the immunoreactive elements as specifically "antigencontaining", however, we are mindful of the possibility of an immunologic crossreaction with yet unknown tissue compounds.
RESULTS

Vitamin A immunoreaction
A clear-cut immunoreaction was found in the outer and inner segments of the photoreceptor cells of the retina of Rana esculenta, Pelobates fuscus, the cock, Myotis blythi oxygnathus and rat, as well as in those of the pineal organ of the lamprey and frog fixed under dim red light (Figs. 5-9 ). Both rod and cone photoreceptors were immunoreactive. In dark-adapted material fixed under dim yellow light, the connecting cilia and inner segments of certain photoreceptor cells displayed a more intense vitamin A IgG-gold labeling than the corresponding segment, a phenomenon already described for photoreceptor cilia in the retina (VIGH-TEICHMANN et al., 1988) and presently under study with regard to the different types of photoreceptors of the pineal complex (VIGH and VIGH-TEICHMANN, 1986, 1988a) . The intensity of the immunoreaction was considerably decreased in the outer and inner segments of the retina and pineal when the animal was adapted to room light prior to fixation.
In addition, gold particles labeled to varying degrees the mitochondria and endoplasmic reticulum of the inner segments (Figs. 5, 8 ) and perikarya, in addition to the euchromatin of nuclei and the electron-dense fibrillar component of nucleoli of retinal and pineal photoreceptors, neurons, glial and adenohypophysial cells. Granulated and synaptic vesicles present, e. g., in the neurohormonal axon terminals of pigeon pinealocytes (see VIGH and VIGH-TEICHMANN, 1989) were unmarked. There was no considerable difference between the moderate IgGgold labeling of the CSF-contacting neurons and non-CSF-contacting hypothalamic neuronal structures studied. In the pigment epithelium and pineal Substance P, GABA and serotonin immunoreactivities Pubstance P IgG-gold binding was observed in the dense-core vesicles of CSF-contacting dendrite terminals of hypendymal parvocellular preoptic neurons of Bombina variegata. In contrast, the GABA immunoreaction was localized diffusely in the cytoplasm of distal CSF-contacting neurons of the infundibular lobe of Pelobates fuscus, their axons and CSFcontacting dendrites (Fig. 11) , while the proximal CSF-contacting neurons were unlabeled. There were axo-dendritec synapses between GABA immunoreactive axon terminals and immunonegative dendrites (Fig. 12) . Glial processes and the ependyma were unstained. Further, GABA immunoreaction was not only found in nerve cells of the bipolar layer of the retina-as already known from previous light microscopic studies (AGARDH et al., 1987) -but also in some of the intrinsic neurons of the frog pineal organ at the electron microscopic level. Serotonin immunoreactivity was detected in the hypendymal CSF-contacting neurons of the paraventricular organ of Triturus vulgaris (Fig. 13) , the hagfish and pigeon.
The IgG-gold particles marked serotoninimmunoreactive sites to the dense-core vesicles of these cells (Fig. 14) . Some gold particles were also visible surrounding the vesicles. cilium, E ependyma, EF external CSF space, F filial endfeet, H neurohormonal axon terminal, IF internal CSF space, K kinocilium, NH neurohormonal terminal, p pia mater, s stereocilia, v vessels in the subarachnoid space.
DISCUSSION
Although CSF-contacting neurons and the retinal and pineal photoreceptor cells exhibit similar principles of construction, our results show that they differ from each other in certain respects. For example, in the pineal organ of Chimaera monstrosa, the CSFcontacting neurons receive ribbon-containing axon terminals from photoreceptor pinealocytes (Fig. 15) . Thus, the CSF-contacting neurons of the pineal of this species are actually secondary neurons in the pineal light-perceiving pathway. From this point of view they behave like retinal Landolt's bipolar cells, which also receive synapses from photoreceptor cells and at the same time represent a retinal CSF-contacting neuron type. At present, we cannot answer the question whether the receptor dendrite terminal of the pineal and retinal CSF-contacting neurons might perceive some information about the state (ionic composition?) of the fluid of the pineal recess and retinal photoreceptor space, the latter being the remnant of the embryonic optic ventricle, a diverticle of the third brain ventricle. Nevertheless, the presence of the CSF-contacting dendrite terminals and their sensory cilia suggests a sensory capacity.
Our immunocytochemical studies revealed vitamin A compounds in two main locations. Strong vitamin A IgG-gold labeling was found in the outer segments of the retinal and pineal photoreceptor cells. Obviously, this vitamin A represents the chromophore of the photopigments, since the intensity of the immunoreaction decreased upon illumination prior to fixation, most certainly due to known conformational changes caused in the photopigments by light (lit., see VIGH-TEICHMANN et al., 1988 ). An additional weak retinoid immunoreactivity -probably of retinoic acid and retinol -occurred in all cell types studied, a finding in accord with biochemical data on the presence of retinoid binding proteins in various cell types (CHYTIL and ONG, 1987) . Cytologically, the retinoid immunoreaction marked to various degrees the euchromatin of nuclei, compact nucleoli, endoplasmic reticulum and mitochondria of the neural and adenohypophysial tissues studied. This cytological localization suggests that retinoids may be involved in the functioning of cell organelles connected with ribonucleoprotein and/or protein synthesis (lit., see VIGH-TEICHMANN et al., 1989) .
The occurrence of immunoreactivity for substance P, GABA and 5-HT was found in different types of CSF-contacting neurons, a result indicating the multiplicity of the latter. Probably, those studied use different transmitters/neurohormones for the transfer of information. The spinal CSF-contacting neurons were found to form neurohormonal terminals on the surface of the oblongate medulla and spinal cord (VIGH and VIGH-TEICHMANN, 1973; VIGH et al., 1983a) . Consequently, the materials produced in these cells may act as hormones via the external CSF on target organs (for review, see LARSON and BERN, 1987) . The axons of hypothalamic and spinal CSFcontacting neurons also form common synapses suggesting a neural output of the perceived information (see VIGH-TEICHMANN and VIGH, 1979) .
The question is still unanswered as to what kind of information is taken up by the ciliated intraventricular dendrite terminals of the CSF-contacting neurons. Those studied by us are obviously not rodlike photosensitive elements, as they are rhodopsinimmunonegative. With regard to the paraventricular organ, such a conclusion was also strengthened by electrophysiology.
Recordings via the opened infundibular recess did not reveal any alterations of the spontaneous activity of the recorded neurons after light stimuli (GEORGE and MEISSL, 1987) , a result refuting a photoreceptive role for the organ. Studies in the duck (KORF et al., 1982) indicated that physiologically identified -presumed CSF-contactingneurons of the paraventricular nucleus were involved in osmoreception.
Finally, we want to emphasize the multiplicity of the CSF-contacting neurons: they differ in the structure of their intraventricular receptor terminals and their content of bioactive materials; they further belong to different nuclei of the periventricular grey (Fig. 16) 
